We study the ttbb final state at the LHC as a probe of New Physics that couples mainly to third generation of quarks. We analyze New Physics simplified models with resonances of spin 0, 1 and 2. The sensitivity of the final states ttbb, tttt, bbbb and tt on each of these models is used to identify an important region in parameter space that is still not excluded and where ttbb is the most sensitive final state. We indicate possible experimental hints and discuss potential issues of observables that rely mainly in Montecarlo predictions. A new observable is proposed that, at the price of requiring more statistics, reduces the impact of Montecarlo predictions. We use preliminary 13 TeV results to give a raw estimate on the discovery reach and propose simple improvements on the observables.
Introduction
Since the Standard Model (SM) was coined 50 years ago, searches for New Physics (NP) were influenced by the yearn of a complete theory. Where a complete theory means that, in addition of solving many observational problems, it also addresses theoretical issues such as ultraviolet (UV) divergences and the hierarchy problem, among others. Given the negative results in these searches insofar, it could be valuable to begin considering that at the next level of the energy frontier the NP may be hopefully seen only as a partial theory with many patches to be understood and solved in the forthcoming years. Pushing the possibility of a complete theory, as for instance Supersymmetry [1, 2] or Extra Dimensions [3] among others, for a higher energy level. This new scenario may lead to more phenomenological works. In this article, motivated by a possible involvement of the third generation of quarks in the Electroweak Symmetry Breaking (EWSB), the large top mass and the small bottom mass, and some experimental hints in final states involving bottom and tops, we propose to further study the final state ttbb as a probe of NP at the LHC.
We pursue the question of what kind of NP would affect mainly this final state and, once this is stated, which region in parameter space is not yet discarded and how this and other observables would affect it. The answer to the first question requires a new particle that couples mainly -if not exclusively-to the third generation of quarks, the second part of the question is addressed in the following sections. The new particle should be singlet in color to avoid interaction with gluons. If the particle has spin 0, then a Two Higgs Doublet Model (2HDM) [4] would seem a good theoretical framework; however a 2HDM is a UV-complete framework that pays the price of imposing further conditions for the top and bottom couplings, which is what we want to avoid at this level to keep the analysis as general as possible. Therefore, we consider scalar or pseudo-scalars 'boson-phobic' [5] whose top and bottom couplings have not a priori restrictions and allows for a more detailed exploration of the parameter space. A colorless spin 1 particle is what is known as a Z [6] an has less theoretical issues, since it can only couple to right handed fermions. A spin 2 particle can also couple to only right handed fermions and, as it is shown in this article, it has many other attractive features.
The experimental and theoretical study of final states with heavy flavors has always been an interesting sector where to search for deviations from the Standard Model (SM), and in particular at LHC, Tevatron and LEP this has been specially true for the third generation of quarks. The study of pairs of third generation of quarks has given SM-expected results for tt at the LHC [7, 8] and Tevatron [9] , whereas bb is a difficult process to study in these hadronic machines because of the huge background and very few clean results are available at present time [10, 11] . However, at LEP the final state bb left one of its larger deviations in what is known as the LEP b-anomaly [12] .
The study of final states with three or more third generation quarks at the LHC is a developing field which is generating an important set of new results lately. The four-bottom final state is usually studied in searches for heavy Higgs which are produced through bb fusion and decays to bb [13] [14] [15] . However, this final state has the difficulty of being hidden in QCD background as well as being hard to tag the bottoms. The four-top final state is many times analyzed as possible signatures of heavy resonances decaying to tt [16] , and also lately in looking for the SM four-top process [17, 18] , which may also hide non-resonant NP [19] . Notice, however, that four-top is a very heavy final state and usually its cross-section has important suppressions. Four-top is also a very populated final state which may yield difficulties in its reconstruction. The ttbb [20, 21] final state is the mid-term between the previous two final states and is very interesting because most of the previously mentioned difficulties are reduced meanwhile still captures the attraction of NP effects.
Most of the mentioned final states have slight excesses which become larger as the number of b-tags increases. For instance -and not being exhaustive-, in ATLAS four-top search in Ref. [22] , the comparison of prediction to data in all control and signal regions yields a systematic increasing deviation as the number of required b-tags goes from 2 to 4. In ATLAS ttbb first study [23] , the measured fiducial cross-section was 2σ beyond the SM prediction. Later results [21] including more data and some re-analysis reduced this excess to 1.2σ. Ref. [21] dedicates a full section to discuss possible different tuning of the Montecarlo, mainly on the g → bb splitting kernels whose tuning has an important effect on the data to prediction agreement. CMS study on ttbb was from the beginning addressed to reduce the impact of eventual Montecarlo issues due to the b-pair in the final state. In their first work [20] they presented a comparison between σ(ttbb) and σ(ttjj) with a 1σ excess. In their second article [24] they have presented relevant differential measurements in kinematic variables such as ∆R bb and m bb , in which a resonant signal can be distinguished using side-band measurements. Interestingly, both measurements have ∼ 1.5σ excesses in the back-to-back bin in ∆R bb and in the large mass m bb > 170 GeV bin. These measurements are also performed in the ttjj final state under similar conditions and no excess is found neither in ∆R jj nor m jj . It is also interesting to note that they need to apply normalization factors of 2 and 4 for all the predictions on leading and subleading additional b jet quantities to reach agreement with data, reflecting some issue at least in the Montecarlo.
In the last few months preliminary ttbb results from ATLAS [25] and CMS [26] appeared on the 13 TeV data. ATLAS results, before fitting the Montecarlo to data, show again an excess which increases with the number of b tags. This excess disappears after performing a fitting to data in the background-only hypothesis. CMS [26] total ratio σ(ttbb)/σ(ttjj) yields a 1.5σ excess compared to SM prediction. However, in this article we will restrict the main analysis to published data on ttbb [20, 21] , which corresponds to 7 and 8 TeV data.
There are also many theoretical works which have addressed the ttbb final state [27] [28] [29] [30] , most of them as a side analysis. We focus on this final state in this article and we identify the region in parameter space where its importance is enhanced.
This work is divided as follows. In section 2 we describe the simplified NP models we use along the article. We also performed a qualitative analysis on the expected behavior of these NP scenarios on the heavy flavour final states. In section 3 we present our main results, the region in parameter space which has not been probed yet and in which ttbb is expected to be the most sensitive final state. We discuss some relevant points in section 4, including potential Montecarlo issues present in the ttbb final state. We propose a new observable which could be useful to reduce the impact of Montecarlo in the distinction of a NP signal, and we perform a raw estimate of the reach of existing observables. We conclude in section 5.
Simplified NP models
Along this section we present four simplified models of NP which couple to the third generation of quarks: a scalar, a pseudo-scalar, a vector, and a graviton. We restrict our study to electrically neutral NP, although charged NP could also provide interesting NP models. Depending on the magnitude of the parameters in the model, this kind of NP would be mainly manifest in final states as ttbb, tttt, bbbb, tt and bb. In particular, the relative sensitivity of these final states to the NP will change drastically depending if the new particle mass is heavier or lighter than 2m t .
To keep the discussion as general as possible, we make no assumptions in the underlying model, we focus on the phenomenology and present possible simplified NP Lagrangians which couple to top and bottom quarks.
Scalar φ
The case of a massive scalar field that couples exclusively to top and bottom is one of the simplest NP models. However, a scalar field has potential issues, since involves interactions with Left and Right quarks, which yields a vertex with a non-trivial SM EW gauge structure. Nevertheless, this kind of interacting terms can be achieved in a variety of models without stronger complications, since the effective vertex can be understood, for instance, as coming from higher dimensional operators or from a spontaneously breaking of the symmetry. The parameters of such a model can be in general matched to UV complete models such as some of the many available Two Higgs Doublet Model (2HDM) (See for instance, and not being exhaustive, Refs. [4, 31, 32] ). The main issue here may be how independent can be the top and bottom couplings. In a 2HDM this is addressed with the free parameter tan β, although it could be the case that for given arbitrary values of the top and bottom couplings this particular UV completion scenario may be constrained in the parameter space from other experimental limits placed within the specific 2HDM case. In any case, we stress that the analysis in this work is focused in the phenomenological NP Lagrangians, rather than in UV complete theories. Another problem with this model is that for large couplings to bottom quarks and small masses, it could enter into conflict with LEP precision observables.
For the scalar case we study the following simplified Lagrangian
A one-loop effective coupling to gluons ggφ can be added to the Lagrangian due to a top and bottom loop. The extra Lagrangian in this case reads
where
with M the resonance mass (in this case M = M φ ), and F (z) is the loop function that can be found in the Appendix.
The NP interacting effective Lagrangian is therefore
Pseudoscalar A
The pseudoscalar case, which could also be understood as a member of a 2HDM, has the following Lagrangian
The one-loop effective Lagrangian that couples ggA reads
Where the loop function H(z) can be found in the Appendix. The full pseudoscalar Lagrangian reads
Vector Z'
A spin one, colorless and neutral Z with mass M Z which couples exclusively to t and b ends up being the model with less potential issues. To keep the top and bottom couplings as free parameters independently of the SM EW gauge group, we keep only couplings to right handed quarks. This also helps to avoid conflicts with LEP precision measurements. The interaction of such a Z with the SM particles reads
Since Z has spin one, it cannot couple at any order to a gg initial state.
Graviton G
We consider an effective Lagrangian for a spin-2 graviton with fieldĜ µν . The tree-level interaction Lagrangian reads
For the purposes of this work, we only use the partial derivative term in the covariant derivative, since we neglect the 4-particle interaction contained in the other terms.
Contrary to the previous NP models, the spin-2 Lagrangian needs dimensional couplings, and this is why the dimensional constant Λ in the denominator. Along the remaining of this article we set Λ = 1 TeV.
This arbitrary choice matches the cross-sections σ(bb → G) = σ(bb → φ) for the same numerical values of the couplings c φb = c Xb = 1 and M G = M φ = 300 GeV. Of course that this agreement is lost as the numerical values of the couplings or the mass of the resonance are modified, since both models have a different dynamic. This choice is just to have a contact point for the spin-2 NP model whose couplings are not dimensionless.
The one-loop effective Lagrangian that couples ggG reads
Here µ 0 is the renormalization scale and the loop function A G (z, µ 0 ) can be found in the
General features
All four simplified models presented in the previous paragraphs have essentially the same Feynman diagrams. Depending on the point in parameter space under study, each diagram will have different importance as a function of the available energy in the proton PDF's and the phase space available for the possible decays.
Notice that for simplicity we have included in the loop only top and bottom quarks, and we will restrict to real and same-sign couplings. In principle, complex combination of these couplings and/or new heavy NP resonances in the loop function, can modify the effective vertex of the NP to two gluons.
We show in Fig. 1 the NP relevant diagrams. We call Y to any of the possible new particles in the previous sections (φ, A, Z or G) and M to any of their masses; except where explicitly stated different. Diagrams D1, D3 and D4 -which are in general the most important production mechanism for Y -, are essentially the same diagram when the internal line in D1 is a b, with the only difference of whether the initial b quark is assumed in the proton, or not. As a matter of fact, the real difference in assuming the b in the PDF or not in each one of these processes depends on the factorization scale and the momentum of the b quark. For the phenomenological analysis that follows, we refer to these diagrams as whether the other b that comes from the corresponding gluon splitting is detected or not. In this sense, in addition to the Y decay products, we consider diagrams D1, D3 and D4 to have 2, 1 and none extra b's, respectively. This would make an important effect, since integrating out a b yields an inclusive cross-section larger than the exclusive one; specially because of the forward (η > 2.5) integration. Although in principle D4 would be the process with the more inclusive cross-section, its background pp → tt is the largest of all and therefore its relevance is diminished. However, when comparing D1 and D3, they share the same main background, but D3 is more inclusive. This yields the important conclusion that, if the full final state is not required to be reconstructed, is in general better to look for the final states 1 ttbX and bbbX rather than ttbb and bbbb, respectively; where X refers to the inclusiveness of the process. This last statement is however not totally true for M < 2m t , since in that case we do not expect an improvement in ttbX with respect to ttbb, although we do in bbbX with respect to bbbb. This is because Y cannot decay to tt (Y → tt) and therefore the bb-pair in ttbb must come from Y , thus integrating out one b which is not expected forward should not make an important difference. This observation has important consequences in the phenomenology studied in the following sections: for M < 2m t the final state bbbX will be the most sensitive channel in a larger region in parameter space.
An important observation regarding diagram D1 and conservation of angular momentum is to be noticed depending whether Y has spin 0, 1 or 2. Assuming null orbital angular momentum in final state, the case Y = φ or A yields a final state whose total angular momentum can only be 0 (since the initial state cannot have total angular momentum 1). Whether the case Y = Z yields a final state whose total angular momentum can be either 0 or 2. Since the initial state can couple in total angular momentum 0 or 2, one concludes that the case Y = φ or A is suppressed because of conservation of angular momentum in comparison to the Y = Z case 2 . In a similar way, for Y = G the final state can only have total angular momentum 2, and therefore cannot come from an initial state with total angular momentum 0. We conclude from these observations that Y = Z is relatively much easier to discard, whereas Y = φ, A and G are harder to explore. This is explicitly seen in next section.
Diagrams D2 and D4 (with no extra b) in Fig. 1 yield a resonant final state in tt or bb. Diagram D2 interferes destructively with the SM process gg → tt/bb [33] and therefore its usefulness needs to be explored carefully. The tt final state is the only one studied with relevant accuracy, but only for resonances up to Γ Y /M larger than a few percents (and not much more, since wide tt resonance searches have not been explored in depth [33] ). Given the precision in the results in tt invariant mass spectrum bump searches [34] , this diagram could in principle be relevant for our purposes. On the other hand, diagram D4 is in general explored in extra scalar SUSY searches [13, 14] , however always an extra b is required and one finishes in diagrams D1 and D3. It is interesting to notice that a bb resonance search with no extra b -which would correspond to D2-is a difficult task due to large background for small M and to the difficulty in tagging b-jets for large M [10, 11] . It is worth observing that a new resonance with M < 2m t and large couplings to tops would be detectable through processes as D1 and D2, in both cases with Y → bb. D1 would be suppressed due to phase space and D2 due to the loop.
The limit of a heavy Y (M 1 TeV) it is interesting for the ttbX final state. In fact, since very hard b's have a small tagging efficiency [10, 11] , in this limit it is convenient to have the b quarks coming from the gluon-splitting in D1 and the new particle decaying to top quarks, Y → tt. Moreover, very hard tops are easy to tag using boosted top tagging techniques. Notice also that in this limit the bbbX final state will not be as useful because of the same issue in tagging hard b's.
In addition to the above discussion, there are other diagrams which could be important in special cases. For instance, a light (M < 2m t ) NP that couples exclusively to top quark would be visible in a tttt final state and t-channel diagrams would affect the total cross-section with no other special features, as studied in Ref. [19] . Also, for large coupling to b-quarks and M 2m t , the t-channel bb → Y Y diagram is important, and some times more important than gg-fusion. At larger M this diagram becomes suppressed because of the PDF's.
ttbb sensitivity to NP
In this Section we perform a quantitative comparison of the sensitivity of different channels to the NP presented in Sect. 2. We compare the process pp → ttbb to the other processes where this NP would manifest itself: pp → tttt, bbbb and tt. We do not consider pp → gg/γγ since they are doubly loop-suppressed in production and decay, however other final states such as γγtt/bb could be interesting to study in the future even though they are loop-suppressed in the decay.
A study of the effects of the NP in the above final states could be performed in at least two different ways.
One possibility is to design search strategies for each one of the final states, and compute the exclusion/discovery reach for each final state, to conclude which channel is the most sensitive and which luminosity is required to exclude/discover each point in parameter space.
A second and more practical path is to use the already available search strategies used by the experimentalist whose sensitivity comes summarized in the 95% C.L. limits on the cross-section (σ) times acceptance (A) times branching ratios (BR) of an hypothetical new particle. Using these results, one can compute in a given channel the ratio of the expected NP σ × A × BR to the corresponding expected limit in those search strategies. This ratio is the strength of the given channel expressed in such a way that it can be directly compared to the same ratio in other channels. That is, they are in the same units of corresponding sensitivity. More precisely, we define the strength of a given final state as
Where σ N P is the NP cross-section, and σ lim × BR × A is the 95%C.L. experimental limit expected in the given channel. When the experimental limit is differential in some variables, σ lim results dependent on the given point in parameter space. To compare the strength S of the different channels, one should take experimental limits with the same center of mass energy and luminosity. In this case, we have unified the limits to a center of mass energy of √ s = 8 TeV and a luminosity of 20 fb −1 . This procedure has been used in Refs. [35, 36] , and is explained in full detail in Ref. [36] . In this last work it is discussed and shown that the analysis of the most sensitive final state in a given point in parameter space is approximately equally valid for different center of mass energies as long as the search strategy is not drastically changed and the production processes are not significantly modified due to changes in the PDF's. In this sense, we adopt in this article this second option: we study the most sensitive final state in available search strategies and propose that this relationship is approximately valid for LHC Run II. If one assumes that experimental limits in the studied final states have a similar scaling with luminosity, then the channel with larger S would be the first one to observe or exclude the postulated NP.
We have selected the most sensitive available published searches for 8 TeV and 20 fb −1 in the final states ttbX, bbbX, tttt and tt, and compare the sensitivity in these searches to the proposed NP as a function of the parameter space. In all cases we have predicted the excess due to NP using MadGraph 5 [37, 38] . borders in which another observable is more sensitive, although those points are not discarded. Longdashed represents regions where S(ttbX) = 1 and therefore points beyond that limit are discarded. Short-dashed represents the tt limit in which the resonance width goes above 8% of its mass and the tt resonance search looses validity [33] . For the final state ttbX we have worked with the search reported by ATLAS in Ref. [21] . To enhance the sensitivity to our NP we have chosen the reported measurement in tt with at least one additional b-jet, since this allows the other b-jet to be forward and not necessarily detected. This measurement, as all ttbX results, contain large systematic uncertainties due to the difficulties in modeling QCD effects and in tagging the bottom quarks. Following Ref. [21] and assuming no NP contributions in their measurement, we get that a 95% C.L. sensitivity corresponds to a cross-section 53% of the SM expected in the defined fiducial cross-section. An improvement in the sensitivity of this final state is expected to be achieved when differential measurements use data driven methods. CMS results in Ref.
[24] work in that direction, however their sensitivity does not improve ATLAS yet because of the still little number of reconstructed events.
One of the most sensitive final states for the proposed NP is bbbX. We extract the 95% C.L. sensitivity limits in this final state from Ref. [15] . This work looks for an excess in the invariant mass of the leading b's. Since the binning in the invariant mass ranges from ∼ 15% − 50% of the sought mass, and we have verified numerically that NP-SM interference effects are not important, we take the limits from this work regardless of the resulting width of the resonance.
The sensitivity in the final state tttt should be extracted from a search that does not assume resonance production other than through interaction with top quark. According to [19] , the closer to this is the SM tttt production. We therefore use the 95% C.L. limits found in Ref. [39] of 32 fb as the limit cross-section for this final state.
The sensitivity in the channel tt has been extracted from Ref. [34] , however we have followed Ref. [33] in what respects to signal-background interference in tt resonance searches. In particular, following their procedure, we have discarded this limit for points in parameter space where Γ/M > 8%. We have simulated SM+NP to take into account the interference effects and, where comparable, we reproduce the results in Ref. [33] .
Using the σ lim extracted from the searches described above, unified to √ s = 8 TeV and L = 20 fb −1 (see [36] ), and using the predicted signal cross-section times branching ratios times acceptance for each one of these searches, we have computed the strength S for all the cases and compare in which points in parameter space is S(ttbX) greater than all others. In these points we expect the ttbX final state to be the most sensitive channel to the NP described in Sect. 2. Also, in the points in parameter space in which any S > 1, we consider that point to be discarded.
We have scanned the NP parameter space in different masses going from M = 200 GeV to M = 3 TeV, and for the numerical couplings c ij ∈ [0, 2] (i = φ, A, Z , G and j = t, b). We present the results of the regions in parameter space in which ttbX is the most sensitive final state, and understand which is the most sensitive final state in each border.
In Fig. 2 we plot in detail for an arbitrary NP case how the ttbX most sensitive region looks, and which are the observable that constrain this region. As expected, the right side of the most sensitive region is usually constrained by the bbbb observable, which becomes sensitive as the bottom coupling increases; here S(bbbX) > S(ttbX). Analogously, the upper left side is constrained by the tttt final state: S(tttt) > S(ttbX). On the up right side, there is a constraint that corresponds to direct exclusion by the ttbX observable, meaning that in this border S(ttbX) = 1. On the down left side there is a constraint by direct tt resonance searches: S(tt) > S(ttbX). Notice that Fig. 2 is just pictorial, and in many cases in the forthcoming figures some of these limits are not present.
Finally, it is important to observe that the shape of the ttbX most sensitive region is the outcome of a non-trivial process that includes the different channel cross-sections, the sensitivity of each one of these channels, and the relative magnitudes of their ratio, for each point in parameter space. Therefore its qualitative understanding could be not simple. We plot in Fig. 3 the region in parameter space in which ttbX is the most sensitive channel for the cases M < 2m t . As discussed in the previous section, the bbbX channel covers most of the parameter space because of its enhancement due to the inclusiveness that is not present in ttbX because M < 2m t and Y must decay to bb. We also notice an important coverage of the tttt in the graviton case, as its coupling to fermions includes a derivative term that gets enhanced with the top mass, and suppressed with the bottom mass when fermions are on shell.
In Fig. 4 we plot the intermediate mass regions, 2m t < M < 1 TeV. Contrary to the previous case, now the ttbX process is enhanced because the missing b may come from the gluon splitting of diagram D3 in Fig. 1 and the resonance decay to tt. Therefore, ttbX gains region against the bbbX final state as it is easily seen in the figure. Another important feature is that the spin-1 Z is considerably more discarded than the spin-0 and spin-2 cases. This should be because, as discussed in previous section, the final state with a spin-1 resonance can match, for orbital angular momentum = 0, both initial states of two gluons with total angular momentum 0 and 2, and therefore is easier to explore/discard. Finally, we notice again that the tttt final state has larger impact on the graviton NP model.
The results for the large mass region M > 1 TeV are found in Fig. 5 . The most important feature of this region is that the bbbX observable has no results due to the difficulty of tagging hard bottoms. This enlarges the ttbX most sensitive region all the way through the bottom right side, although of course the strength is expected to be quite small in regions where the top coupling is very small. As a special feature in this mass region, we found that the graviton case has its most important constraint coming from tt resonance searches. In fact, for M = 1.5 TeV the whole parameter space in the figure is covered by tt searches (this cannot be seen from the figure), whereas for 2 and 3 TeV the sensitivity in tt is stagnant (see [34] ) and ttbX gains relevance.
Discussion
Along the previous section we have shown that with the available experimental searches the final state ttbX is expected to be more sensitive than all other relevant final states in a considerable region in parameter space for the NP lagrangians proposed in Sect. 2. However, many features in the study of the final state ttbX are still in the process of being further understood, and many points should be discussed in this sense. In this section we address some of this points and also propose some other new items which are relevant for the discussion of this final state.
Montecarlo in ttbb
The first measurements for ttbb at the LHC performed in Refs. [20, 23] had both an excess of about twice the predicted cross-section, with a significance ranging approximately ∼ 1 − 2 σ. In this excess the Montecarlo simulation of the SM process, its hadronization, and the expected cross-section are a crucial input. In particular, it is well known that the treatment of the gluon splitting g → bb is decisive for the 4 versus 5 flavor scheme [40] , the factorization scale and the collinear divergences, yielding an important source of uncertainty and also an eventual bias.
In the revision of the above cited references both collaborations ATLAS and CMS have taken different paths in addressing this issue with the Montecarlo prediction. The ATLAS collaboration has published in Ref. [21] a work with special focus on the Montecarlo simulations, in particular they discuss on how to tune Pythia variables that model the g → bb splitting. Yielding a better agreement than in their previous work in Ref. [23] . However, one should be cautious, because also NP effects could be hidden in disagreements in the bb distribution of events. On the other hand, CMS collaboration published in Ref.
[24] a continuation of Ref. [20] , but now including differential measurements in bb which could contribute to distinguish NP effects observable such as m bb and ∆R bb among others.
At this level it is suitable to distinguish observables such as the cross-section, whose prediction has a strong dependence in Montecarlo simulations, to other differential observables such as m bb or ∆R bb in which the kinematic itself can predict a bump in the presence of NP. These bumps can in principle be distinguished by using the data in the side bands (in m bb or ∆R bb distributions for instance) and, therefore, we consider these observables to have less Montecarlo impact when compared to others as for instance a fiducial cross-section. These observables are more reliable at the price of requiring more statistics.
In the previous discussion, the CMS approach seems more solid in their conclusions, however the ATLAS path requires less statistics. In fact, the CMS approach needs in most of the cases to fully reconstruct the ttbb final state, which yields a great reduction in the number of events. Given the difficulties in generating a predictable distribution using Montecarlo simulations, we consider that a fully reconstruction of the ttbb event and the search for observables with a reduced impact of Montecarlo generators is a better approach to look for NP in this particular final state, even though the lack of statistics would be one of the main issues.
Proposed observable
In addition to the well studied observables m bb and ∆R bb , which would respectively yield a bump or an excess in back to back events in case of a resonance, we propose a different observable which can also be understood using kinematics.
We consider the general case of a resonance decaying to two particles and study the angle between these two particles 3-momentum. (For simplicity we consider these particles of equal mass (m), however it could be adapted for different mass case.) In the resonance frame of reference the decay products are back to back, but in the lab reference frame, the decay products get closer due to a Lorentz boost in the direction of the new particle momentum. From simple kinematics one can see that in the lab frame there is a minimum angle between the 3-momentum of these particles as a function of the resonance momentum and mass. This minimum angle occurs when the resonance momentum is orthogonal to the decay products direction in the resonance reference frame:
Where p is the resonance momentum in the Lab Frame, or equivalently the added momentum of the 2 decay products.
In the case of the ttbb final state, if one of the quark pairs comes from a new resonance, then is likely that this new resonance has some transverse momentum since it has been produced in association with other particles. In this case, we can adapt the above formulae for variables more suitable for colliders, in particular for the massless case we propose
Given the above observation, it is interesting to discuss which variables should be measured and compared to enhance the visibility of a possible signal. It is immediate to realize that the new particle decaying to, for instance Y → bb, would yield an accumulation of events in the p T (Y ) − ∆R bb plane, since the SM background is not expected to have such a kinematic constraint as in Eq. 12. We show in Fig. 6a the distribution of events in the given plane for a case of SM+NP production in pp → ttbb. Since the accumulation of events follows the curve predicted in Eq. 12, it is suitable to bin the events in the plane p T (Y ) − ∆R bb accordingly for different resonance mass. By defining the new variable
we can conveniently visualize the relevant information of Fig. 6a as in Fig. 6b , and then create a one-dimensional binned plot where the resonance can be easily distinguished, as in Fig. 7 . In this figure the events in between the curves in Fig. 6b Some considerations on M boosted should be discussed at this point. The first thing to notice is that, as it can be easily seen, M boosted is neither not equivalent to the invariant mass m bb nor the transverse mass m T [41] of the decay products. In fact, to reconstruct M boosted are required the decay products direction and transverse momentum, which is not enough to reconstruct the invariant mass. Analogously, it is not the transverse mass m T , since M boosted requires the longitudinal angular separation ∆η of the decay products and does not have an upper end-point. It should also be noticed that the M boosted -distribution has information on the angle between the decay product directions in the CM frame and the resonance momentum in the lab frame. It can be shown that scenarios where this angle tends to be orthogonal have a sharper peak in the M boosted -distribution. On the contrary, if this angle tends to be 0 or π, then the peak in the M boosted -distribution is spread.
It would be interesting to investigate whether M boosted could have experimental advantages over other observables as for instance m bb and/or ∆R bb . In fact, since it requires only the direction and transverse momentum of the decay products, it could have less uncertainty than m bb . Whereas from Fig. 6b one can understand M boosted as the extension of ∆R bb to the plane for the case of associate resonance production. This, and other experimental aspects of M boosted , are beyond the scope of this work and should be addressed in a separate study.
Reach estimate using preliminary 13 TeV results
As a final point to discuss, we include preliminary results in tttt and ttbb at 13 TeV, and do a raw estimation of the reach of these observables in the insofar explored NP parameter space.
In Ref.
[25] a 95% C.L. limit is presented in the production cross-section times branching ratio of pp → ttY, Y → tt and pp → bbY, Y → tt for the intermediate mass region. These results have still large statistical uncertainties due to the little number of reconstructed events. We can therefore approximate the scaling of the strength with the luminosity as S ∝ √ L [36] and obtain a raw estimate of the reach at larger luminosities by finding the S = 1 contour levels after the scaling. We present in Fig. 8 the estimated reach for the 13 TeV observables for the M = 500 GeV case and for the four different NP models presented in Sect. 2. As expected, the pp → ttY, Y → tt limit has a better constraint for large top couplings and the pp → bbY, Y → tt observable for large top and bottom couplings. Notice that, as discussed in Sect. 2, the Z model is the easiest to explore/discard due to its spin. Also notice in the figure how the graviton derivative coupling produces an interplay with the final state fermion masses: there is more sensitivity to tops, and less to bottoms.
The observables as proposed in Ref.
[25] have a reduced impact of Montecarlo generators, requiring in this way more statistics. This is why their reach is not as restrictive as one would expect due to the energy upgrade.
It is worth pointing out that according to our discussion in Sect. 2, confirmed in the results in Sect. 3, the limit in pp → bbY, Y → tt would be considerably improved if the experimental analysis would not require to identify and tag both bottom quarks. That is, if the limit would be imposed in pp → bXY, Y → tt. Since in this way there would be an enhancement in the signal due to the integration of a b jet beyond the |η| = 2.5 experimental limit. We consider that in doing this the limit in this observable would have an important improvement. 
Conclusions
Along this article we have tested simplified NP models that couple exclusively to top and bottom quarks in the context of the pp → ttbb process. We have explored spin 0, 1 and 2 NP models and find the region in parameter space in which searches in ttbX are expected to be more sensitive that searches in tttt, bbbX and tt, as well as the already discarded parameter space.
We have made a qualitative analysis of the most relevant Feynman diagrams in the NP models as a function of the different features of the models. We have made the quantitative comparison by computing the corresponding cross-sections and comparing them to the experimental sensitivity in available searches. We found that many of the results could be understood from the qualitative analysis.
We have discussed potential issues in detecting NP in the ttbX final state through total cross-sections, since Montecarlo generators may fail in reproducing the bottom quark distributions in the final state. We have proposed a new observable called M boosted which is based in the angular separation of the decay products of a resonance as a function of its momentum. M boosted could be understood as an extension of ∆R bb for the case of associated production. We have shown that a resonance will have a special accumulation of events in the ∆R − p T plane, and we have shown how this excess can be binned and measured. We show that M boosted is an observable with reduced impact of Montecarlo, since an excess can be understood from the kinematics; just as it happens with observables as the invariant mass or the angle of separation of decay products. This observable may be useful in a resonance search through this final state, as well as in other contexts. Further experimental analysis is required to study the usefulness of this observable.
Using preliminary experimental results we have done a raw estimation of the discovery reach for LHC during the next years. We have proposed simple improvements to the observable which we show along the work that could extend the reach.
This work shows that the study of the ttbX final state is important in constraining NP that couples to third generation of quarks. The most important result is that we have identified an important fraction of parameter space in these NP models that has not been probed yet and in which ttbX is expected to be the most sensitive channel. The interest in this region of parameter space is further motivated by slight excess found in many related observables.
